This study evaluates the attractiveness of self-hubbing in terms of the (a) symmetry of itineraries and the consequences for passengers in the case of missed flights. We compute the most attractive European origin-destination (O-D) pairs through self-connection and evaluate their robustness by estimating the expected delays relative to connecting times and the travel options available when a connection is missed. Results show that the potential of self-connecting markets is reduced when accounting for asymmetrical travel options and the consequences for travelers in the case of missed flights. In terms of frequencies, self-connecting passengers are, on average, found to have fewer alternatives to complete a given O-D pair than in the case of alliance-based connections (− 33%). Our findings moderate the confidence of past evidence on self-hubbing in light of the concrete reliability of selfconnections for passengers. The itinerary choice made by passengers inevitably depends on the evaluation of travel quality attributes related to the (a) symmetry of the itineraries and the costs incurred through missed connections.
Introduction
With the development of the European air transportation market and the growth of low-cost carriers (LCCs), it has become possible for passengers to travel to a destination that is not directly handled by the airlines themselves through the self-connect option. This has become a concrete, alternative rather fly within Europe [7, 10, 17, 25] .
In recent years, scholars have investigated the phenomenon of self-connectivity for passengers flying within the European air transportation network [10, 16, 24, 25, 29, 30] , highlighting how it represents a concrete alternative for passengers. Malighetti et al. [25] show that, in 2006, up to two-thirds of the fastest indirect connections inside Europe were not operated by the airline alliances' system. Most recently, Cattaneo et al. [10] confirm that 1-transfer quickest paths achievable through selfconnecting flights in Europe have remained a valid alternative in the European framework over the last decade, increasing from 66% in 2006 to 69% in 2016 of the fastest indirect connections inside Europe. The growing popularity of self-connectivity has been highlighted by the implementation of two systems for assisting self-connecting passengers between European airports, namely, ViaMilano at Malpensa airport in Milan and GatwickConnect at London Gatwick airport. Airlines have shown interest in this regard by providing passenger transfers between flights (Vueling, Norwegian, easyJet and Ryanair). Also, the development of IT platforms, such as Dohop and Kiwi, have facilitated passengers in approaching inter-connections.
Nevertheless, after a decade, some perplexities exist about the growth and sustainability of self-connections. On the one hand, airlines (both LCCs and traditional carriers) have been shown to be unable to fully exploit the opportunities generated by self-connections [31] . Indirect connections have reduced over time along with the fact that an increasing number of pairs have been directly connected by airlines [31] . Furthermore, the increasing establishment of LCCs in primary rather than in peripheral airports has inevitably hindered selfconnections over time [13] . On the other hand, airports have registered difficulties in sustainably implementing systems that manage all services associated with self-connections, such as dedicated areas for baggage transfer service and the management of insurance packages against the risk of missing flights [30] . Yet, the two cases generally mentioned by the literature, namely ViaMilano and GatwickConnect, have remained isolated examples in the European framework. Indeed, when an airport decides to actively facilitate self-connections, it remains open the issue of making aware passengers of these alternatives. 1 The efficient promotion of these services requires a stronger cooperation with metasearch engines or airlines.
Though the literature has extensively shown the potential of self-connectivity inside the European air transportation market as an exciting opportunity in air transportation connectivity, its robustness in the eyes of passengers is yet to be demonstrated in detail. In this paper, we aim to analyze the extent to which the frailties of self-connections make them a non-valid alternative for European passengers who strategically evaluate whether to set up flight transfers themselves. This would contribute to a better understanding of the development of self-connection occurred over the last 10 years and under which conditions they would concretely benefit passengers and operators inside the market (airlines and airports) in the upcoming years.
For this purpose, the paper extensively investigates the reliability of self-connections for passengers. We consider quality attributes of self-connections, their performance in terms of travel times, and their robustness with respect to the offer made by airlines. We relied on the quickest travel time approach [25] in order to identify the fastest connections that remained un-managed 2 over time in the European context. Specifically, we focus on 1-stop connections from EU airports in a typical off-peak week of the autumn schedule, from September 13th to 19th, 2016. We consider both the intra-European market and the market between the EU and major intercontinental destinations.
The remainder of the article is organized as follows. Section 2 provides a review of the literature. Section 3 describes the methodology. Section 4 presents the empirical analysis detailing the robustness analysis on the self-connecting scheduled travels and conclusions are drawn in Section 5.
Literature review
The significant growth of the air transportation market in the last two decades has made the efficient management of airline operations more complicated. The planning of which legs to operate and the optimization of fleet and crew assignment have become increasingly complex [3] . In terms of these dynamics that have necessitated the development of new approaches to systematize the management of airlines' and airports' daily activities, a significant effort has been made by scientific literature in developing more efficient and faster optimization approaches [4, 18] . The satisfaction and loyalty of current travelers and the attraction of new ones are acknowledged as being critically influenced by on-time performances [1] . Punctuality and reliability are found to be among the most crucial factors affecting passengers' choices (e.g., [2, 15] ) Nevertheless, irregularities in airline schedules, namely the fact that every flight will not depart/arrive as planned, have become increasingly common and responsible for hasty connections and the increased risk of misconnection for passengers. These anomalies, which are generally due to weather conditions, high levels of congestions at airports, and unscheduled maintenance, represent critical issues, especially for connecting passengers [6, 22] who risk missing their connecting flight.
With regards to connectivity irregularities, the literature has largely investigated airlines' disruption management processes (see [21] ), first focusing on the analysis of their causes, such as delay propagation (e.g., [12, 20, 28] ), and proposing integrated recovery plans to minimize inconveniences to passengers ([3, 6, 23];). Different solutions have been suggested, from preventively adding more time in airlines' schedules, that is, "schedule padding" [14] , to increasing aircraft speed control [3, 11] and retiming departure times within a narrow timewindow [22] . However, the significant effort made by the literature in examining how to limit inconveniences to passengers and set up reliable schedules has left how much schedule disruptions may count for passengers travelling via self-connections unexplored. Compared to the connections operated by the alliances system, selfconnections are indeed exposed to a higher level of uncertainty due to the potential variation of the schedule on each leg without any assistance [16] .
Both the nature and the development of the phenomenon (more than 2/3 of the fastest connections are today made through self-connectivity in the European network, as shown by [10] ) entail a better understanding of whether these connections are reliable alternatives for passengers and which potential interventions should be implemented due to their sustainability.
Methodology
With the aim of investigating the robustness of selfconnections, our study aims to examine the following in depth: 1) their performance in terms of frequency and presence of reliable return flights; 2) to what extent the presence of delays on connecting legs could impact the performance of self-connection compared to other alternatives; 3) the impact of missing connecting legs in light of reaching the destination in reasonable time.
The first step of our analysis is to identify all viable connections, including both alliance-coordinated and selfconnections. The volume of transit passengers may be considered as an alternative to identify connections already undertaken by passengers. However, the transit passenger volume for a specific origin-destination (O-D) pair is unknown for self-connecting passengers. The Marketing Information Data Tapes (MIDT) data, which provides information on passengers' bookings made by Global Distribution Systems (GDS), does not cover some of the major LCCs in Europe. However, even if it did, self-connecting passengers usually have to book the tickets for the different legs of their trip separately. In any case, it would not be possible to measure their volume using specific O-D pairs. Instead, we considered a supply-based measure of hubbing activities taken from the literature on the connectivity of air transport networks (see [9] for a review of the different measures in this field). We only focus on 1-stop connections and distinguish three categories of connections based on the kind of carriers involved:
-Alliance-based connection: The connection is between flights operated by carriers belonging to the same alliance; -On-line connection: The connection is between flights operated by the same carrier, which is unallied but still a traditional carrier. An example of on-line connections is those involving the independent Gulf airlines such as Emirates and Etihad; -Self-connection: The connection is not classified in the two previous groups. It involves a transfer between independently ticked flights operated by unrelated carriers, belonging to either different alliances, independent, or low-cost carriers.
Based on schedule information, we computed the number of "viable" connections between incoming and outgoing flights in a given airport. We included the following three conditions for a connection to be considered "viable":
-The time between the incoming and outgoing flights must be higher than a minimum connecting time (MCT). Table 1 reports the different assumed MCTs for the different connections and different geographical regions.
-The routing factor of the one-stop itinerary starting from the origin of the incoming flight, passing through the considered airport, and arriving at the destination of the outgoing flight must be 1.4 or less for intra-European connections, and 1.2 or less for intercontinental connections [8] . The detour necessary to complete the trip must be at most 40% of the direct distance between the origin and destination in the case of EU connections, and 20% in the case of intercontinental connections. This condition aims to exclude some low-quality O-D connections that are not attractive for passengers due to long detours, such as going from Rome to Barcelona via London. -The quickest travel time is implemented following the minimum travel time approach ( [26] ; for a detailed explanation see [25] , pp. 56), including both flight times and waiting times spent in the intermediate airport. It is computed for all O-D pairs that met the abovementioned two conditions. As in Redondi et al. [27] , the last condition for a connection to be considered requires that its travel time does not exceed that of the quickest alternative by more than 40% in the case of EU connections and 20% in the case of intercontinental connections. This last condition discriminates the quality of connections by considering only those with the highest probability of being considered by passengers. It generally excludes connections with long waiting times spent in intermediate airports.
The analysis considers all scheduled flights operating in a typical off-peak period of the autumn schedule, from September 13th to 19th 2016, and computes all viable connections in that period. An off-peak week is chosen to identify connections that are persistent over time. Data on scheduled flights and airlines operating on each route were obtained from the Official Airline Guide (OAG) dataset.
After selecting all viable connections for passengers in the considered period, we measure some attributes, such as: i) their time-performance with respect to the quickest alternatives; ii) the weekly frequencies of connections; iii) the feasibility of performing a return trip on the same day; iv) the consequences for passengers of missing the firstleg flight (first flight of an itinerary composed involving one stop at the hub airport) of their trip in terms of increased waiting times and likelihood of not completing the trip on the same day and during 48 h; v) the consequences for passengers of missing the second-leg flight (second flight of an itinerary involving one stop at the hub airport) of their trip, in terms of increased waiting times and Table 3 shows the performance, in terms of travel times, of the viable connections with respect to the quickest alternatives. Considering the intra-EU market, self-connections increase travel times above the quickest alternatives by an average of 15.8%. This is mainly due to longer connecting times as self-connections are not planned by airlines and are often the result of the casual mixing of different, scheduled offers. Routing factors, defined as the sum of flight distances of the first and second leg flights divided by the direct distance between the origin and the destination airports, are very similar between alliance-based and selfconnections. Overall, the difference between the travel time performance of self-connections and connections offered within alliances is not as large as one would expect. One-World and Sky Team, the two best performing providers of 2-step connections in Europe, show an average increase in travel times above the quickest alternatives of 12.8-12.9%. Only online connections provided by unallied traditional carriers show significantly better performances, but th ey only marginally cover the intra-EU market.
When looking at the intercontinental market, the most efficient 2-step connections are again those offered by unallied independent carriers, followed by Sky Team and Star Alliance, with average increases above the quickest connections of around 6-7%. With respect to these, self-connections take around 3% more travel time to be completed, with increases of 9.2% above the quickest options. Table 4 compares the frequencies of connections offered by the alliances, online connections, and selfconnections. At a European level, viable self-connections link 18,515 different O-D pairs. On average, each of these connections is offered 7.7 times during the week considered in this analysis, which is more than once per day. The average connection frequency is 9.1 per week, while connections offered by SkyTeam reach 14.8 per week, more than twice a day. Self-connections are also offered with significantly lower frequencies for intercontinental destinations under alliance-based connections. Appendix 1 additionally reports numbers of viable connections of European O-D pairs at an airport level. Interestingly, the airports with the highest share of selfconnections are Oslo, Rome Fiumicino, Stockholm, Copenhagen, Barcelona, and London Gatwick. At an intercontinental level, the airports at the top of the ranking for self-connection opportunities are Rome Fiumicino, Copenhagen, and Dublin (see Appendix 2) .
Frequencies and return trip availability
It is interesting to estimate if a viable connection for a given O-D pair can also be reverted, allowing passengers to make return trips. Table 5 compares the different kinds of connections over four different return trip scenarios. Scenario I: This scenario considers the daily return trip in which passengers spend at least 4 h at their destination and return to their origin airport. This is a typical scenario for business passengers. Interestingly, by employing self-connections, the likelihood of being able to make a return trip of this kind is only 9.2% given the total number of offered O-D pairs, as shown in Table 4 . The Skyteam and Star alliances have much higher daily return trip ratios, 48.1% and 35.1%, respectively. On average, when the daily round trip is feasible, there are 1.18 return options. Scenario II: A daily round trip can be made in a city pair. This scenario is therefore less demanding than the previous one as it allows passengers to make the return trip by employing other O-D pairs, as long as they connect to the same cities. For example, a passenger may depart from London Gatwick to reach Catania airport via Rome Fiumicino. The return trip may be from Catania airport to London Stansted via Bergamo airport. However, even in this case, the number of city pairs that can be connected does not increase significantly with respect to the previous scenario. The return trip ratio of self-connections increases to 10.3%. However, the same figure for SkyTeam and Star alliances is about four times as much, 48.5% and 35.6%, respectively.
Scenario III:
The return trip has to be made during the week and passengers spend at least 24 h at their destination. This scenario better represents the behavior of leisure passengers as well as that of business passengers. In this case, by self-connecting, passengers can make a round trip in 65.8% of all viable O-D pairs. The difference between self-connection and other kinds of connections is relatively low in this scenario. However, when looking at the number of return options, the lower quality of self-connections becomes evident again. Self-connecting passengers have an average of 3.7 return options during the week, while Skyteam offers 7.87 options and Star offers 12.6 options.
Scenario IV: Passengers are still allowed at least 24 h at a destination, but the one-way and return trips must be operated by the same carriers. This is a more demanding scenario than the previous one and measures the robustness of the round trip with respect to the choice of the carrier. Given the fact that even LCCs have recently begun to promote frequent flyer programs, in which they offer more booking flexibility and higher quality standards, business passengers may be interested in return trips operated by the same carriers. The performances of the different kinds of connections are similar to those related to the previous scenario; self- connection passengers have only 3.82 return options available. The exception to this is the Star alliance, whose return travel options are 8.65 on average, almost double that of the other groups.
The impact of delayed flights and missed connections/ flights
After having studied some quality attributes of the offer of self-connections, we aim to assess the impact of adverse events such as delayed flights, missed connections, and missed flights either in the first or second leg of the trip. 3 We first aim to estimate the robustness of the connections subjected to delays in the incoming flights at intermediate airports. Table 6 and Fig. 1 report the percentage of missed EU connections when the incoming flight from the origin airport is delayed. Overall, in the event of a 30min delay of the incoming flight at the hub, in 40.3% of connections, passengers miss the outgoing flights to their final destinations. Interestingly, figures for alliance-based and self-connections are very similar. However, in the case of alliance-based connections, the percentages of missed flights may be overestimated as outgoing flights may wait for the delayed connecting passengers. Table 7 and Fig. 2 show the percentage of missed extra-EU connections when the incoming flight from the origin airport is delayed. In this case, the probability of self-connecting passengers missing flights is significantly higher than for alliance-based passengers, even for a 10min delay; 13.5% for self-connect against 7.8% for OneWorld, 8% for Star, and 8.1% for Skyteam. This difference increases to 10-15% when the incoming flights are delayed by more than 40 min. Possible reasons are related to the higher minimum connecting time set for self-connecting passengers to extra-EU destinations (see Table 1 ) together with the absence of schedule coordination between short-and long-haul flights.
The next part of the empirical analysis estimates the robustness of the viable connections in the case of missed (or cancelled) flights. We aim to evaluate the consequences for passengers when the first-leg flight and the second-leg flight of the trip is missed, in terms of availability of backups and related delays.
shows the consequences for passengers when the firstleg flight of the trip is missed. Missing the first-leg flight may be the result of passengers' delays in assessing the airport, delays going through check-in and security procedures, or even due to the cancellation of the flight. In any case, passengers need to find an alternative path to reach their destination. This may not be possible when either the origin or the destination airports have a very limited offer.
In the case of European connections, on average, only 69.2% of viable O-D pairs can be successfully completed in 48 h after missing the first flight of the path. The highest backup ratios are for the three alliances with values generally above 80%. When looking at average delays at destination, the spread between alliance connections and self-connections significantly increases. In terms of their original scheduled times, SkyTeam and Star Alliance can convey passengers to their destinations with 12 and 10.8 h of a delay, respectively. In the case of online and self-connections, that figure is above 19 h. Therefore, in the latter cases, even if a backup trip is still possible, passengers arrive at destination almost on average 1 day after they had planned to do so. In fact, when looking at the percentage of O-D pairs on which trips can still be completed on the same day, self-connections have the lowest value at 25.6%, compared to 52.4% for SkyTeam and 59.3% for Star Alliance.
The previous results are confirmed even when intercontinental destinations are taken into consideration. Self-connections trail well behind alliance connections both in terms of backup ratios and average delays at destinations. Table 9 reports the effects for passengers in the case of missing the second-leg flight of the trip. This is the most likely scenario as the missed connection at the intermediate airport may be the result not just of the cancellation of the outgoing flight, but also of excessive delays in the incoming flight or in going through security checks, baggage handling, and check-in for final destination. Passengers may be required to undergo the latter activities in the case of self-connections. For this reason, we considered a higher minimum connecting time for these kind of connections (see Table 1 ).
When compared with missing the first-leg flight of the trip, one would expect to find a higher degree of success in this scenario and fewer delays in reaching the final destination as the first half of the trip has already been completed. However, this is not always the case. When missing the first-leg flight of the trip, a passenger may be routed through a different intermediate airport in order to reach the final destination. If a connection is missed at the intermediate airport, passengers generally have to wait for another flight to their destination. If the destination airport is not frequently operated, this may result in the impossibility to complete the trip within 48 h, or during severe delays.
In terms of European O-D pairs, self-connections have a backup ratio of 76.9%, which is less than the overall average of 82.6%. In other words, if they miss the second-leg flight of their trip, in more than eight out of ten cases, self-connecting passengers can reach their final destination within 48 h. This is still a significantly higher value than the backup ratio (56.5%) when the first-leg flight of the trip is missed, as shown in Table 8 . The same difference characterizes the percentage of travels completed in the day when missing the first or the second-leg flight of the trip, from 25.6% to 48.6%. Alliance connections are more reliable, even in this scenario, with backup ratios ranging from 87.9% for Star to 91.5% for SkyTeam. Delays at destination when the connection can be successfully completed are equal to 12.1 h for self-connections, and between 7.2 and 8.5 h for alliance connections. The share of trips that can be successfully completed in the same day as planned is significantly lower for self-connections, which is 48.6%, when compared with values ranging from 63.7% to 70.2% in the case of alliance connections. The lower robustness of self-connections compared to alliance connections is confirmed even when evaluating extra-European O-D pairs. In this case, the successful backup ratios are lower and average delays are higher than in the intra-EU market, as one would expect, as passengers miss their intercontinental flight.
Conclusion and discussion
Overall, self-connectivity represents a significant opportunity for passengers, especially at a European level. Most of the viable connections in Europe (63.4%) can be successfully completed outside of the alliance or traditional carrier networks (2-step quickest connections). Even considering extra-EU connections, 37.4% of all viable connections are selfconnections. However, self-connectivity has some limitations, mainly due to the absence of coordination between carriers.
Self-connections take longer to be completed in terms of the quickest alternatives, and also with respect to the other kinds of connections (see Table 3 ), even if their differences in travel times range from 2% to 3%, which is much less than one would expect. In terms of frequencies, self-connecting passengers have, on average, fewer alternatives to complete a given O-D pair than in the case of alliance-based connections. The difference in their frequencies is generally around 33% (see Table 4 ). Self-connections lag well behind other kinds of connections in case of daily return trips. This is mainly due to the fact that self-connections are generally not symmetric and are therefore unlikely to allow completion of a round trip, especially during a day (see Table 5 ). When considering round trips in which passengers spend at least 1 day at their destination, the difference between self-connections and alliancebased connections is significantly reduced. However, in the latter case, there are at least twice as many options available for passengers for the return trip compared to self-connections. The percentage of missed connections to extra-EU destinations when the incoming flights are delayed is significantly higher for self-connecting passengers.
The higher frailty of self-connections is also evident while examining consequences for passengers who missed a flight in their trip. If selfconnecting passengers miss the first-leg flight of their trip, the probability of reaching the final destination is reduced in comparison to other kinds of connections. Even in cases where selfconnecting passengers can reach the final destination within 48 h, the incurred delays are almost double that of other types of connections.
Passengers generally arrive at a destination about 21 h after they had planned to do so (see Table 8 ).
Similar results are obtained in the scenario of passengers missing the second-leg flight of their trip. Even if the advantages of alliance-based connections are reduced in comparison to the previous case, the risk of not making the O-D trip within 48 h, and the incurred delays are still significantly higher for self-connections than for alliance connections (see Table 9 ).
Overall, even if the literature has extensively depicted self-connectivity as a great opportunity for passengers to connect inside the European air transportation market [10, 25] , our evidence highlights that its potential is subject to the distinct possibility of passengers reaching the destination in a practicable way, thereby reducing their perceived risk before booking. Nowadays, the tools implemented for facilitating self-connections are scarce and concentrated in a few airports (ViaMilano in Malpensa and Gatwick-Connects in London Gatwick) where specific platforms have been established to facilitate passenger transfers by avoiding the necessity of exiting controlled areas and directly managing baggage. Along with the role that self-connectivity may play inside the European context over the coming years, especially considering that more than two-thirds of the fastest indirect connections inside Europe are not even operated by the alliances system, it would be crucial to identify solutions that are able to reduce passengers' risk of misconnections and other forms of disutility (e.g., loss of baggage). For this reason, the self-connecting market could represent an appealing area of interest for the insurance industry. Growth of insurers is not only required for existing markets, but also to access new ones. In this regard, air transportation could represent a gold mine given its expected high growth rates in the upcoming years [5, 19] and the existing presence of IT infrastructures, which could make the sale of insurance plans to passengers possible. Moreover, different from other categories of customers that have a limited understanding of the nature and purpose of insurance, air passengers are more prone to assess and manage risks due to two main reasons. On the one hand, flight anxiety is quite common, and potential passengers meticulously plan each aspect of the flight in order to ensure everything goes smoothly. On the other hand, missed flights may generate important transaction costs for both business and leisure passengers (i.e., phone calls with several airlines or insurance, no automatic rebooking on next connections), who may re-evaluate their plans in light of any potential reimbursement.
From a policy-level perspective, the fact that selfconnectivity has been increasingly recognized to be a valid alternative for passengers flying inside the European air transportation network accounting up to 2thirds of quickest connections within Europe, posits important challenges at a European level. Future European aviation strategies should depart from these evidences, being aware that full connectivity is only partially exploited still showing room for growth and improvement. Eventually, it should be however acknowledged that the majority of intra-European OD pax would (potentially) choose a direct flight (when available) as the best option to reach the destination, thus in part lessening the potential of self-connection in terms of market O&D pax compared to its remarkable progress in connectivity. 
